Purpose: Transit delay is a potential source of error in cardiac arterial spin-labeled (ASL) in heart failure or with collateral circulation. This study demonstrates the feasibility of using transit delay insensitive velocity selective ASL and compares its performance with flow-sensitive alternating inversion recovery (FAIR) ASL. Methods: Velocity selective labeling was achieved using an adiabatic BIR8 preparation. FAIR and velocity-selective ASL (VSASL) with various velocity cutoffs (V C ¼ 10-40 cm/s) and labeling directions (anterior-posterior X, lateral-septal Y, and apical-basal Z) were carried out in 10 healthy volunteers (1F/ 9M age 23-30 y). Myocardial blood flow (MBF) and temporal signal-to-noise (TSNR) were measured. Results: VSASL sensitivity to perfusion decreased with increasing V C . At low V C (<5 cm/s), spurious labeling of myocardium occurs and overestimates MBF. MBF measured with FAIR (1.12 6 0.26 ml/g/min) and VASL (1.26 6 0.27 ml/g/min) at V C of 10 cm/s in Z were comparable (TOST with difference of 0.30 ml/ g/min, P ¼ 0.049). TSNR was 2.8 times larger using FAIR (13.62 6 5.25) than in VSASL (4.87 6 1.58). VSASL was insensitive to perfusion in the Y direction. X and Z performed similarly with TSNR of 4.17 6 2.32 and 3.97 6 0.56, respectively. Conclusion: VSASL is a promising alternative to FAIR ASL in the heart and is well suited for scenarios when transit delays are long. Magn Reson Med 80:272-278,
INTRODUCTION
Arterial spin-labeled (ASL) cardiac magnetic resonance (CMR) is a promising non-contrast technique for mapping myocardial blood flow (MBF). Other modalities such as single-photon emission computed tomography (SPECT), positron emission tomography (PET), or firstpass perfusion CMR rely on intravenous contrast agents and/or are unsuitable for patients with poor renal clearance or who require frequent evaluations. ASL avoids these drawbacks by using magnetic preparations to label the blood itself as a source of endogenous contrast. In the heart, flow-sensitive alternating inversion recovery (FAIR) has been the most commonly used labeling scheme, whereby a slab-selective inversion containing the imaging slice is used for control preparations and a nonselective inversion is used for labeled preparations (1) (2) (3) .
For single-slice acquisitions, FAIR has been demonstrated to obtain measurements of MBF that are comparable to those found using PET (4) and could detect clinically relevant changes in perfusion under vasodilation (5) . However, in a multi-slice acquisition scheme, the FAIR inversion slab thickness must be increased to encompass the larger imaging volume. Zun et al. (3) found substantial underestimation of MBF at a mid-short axis slice by 68% when the FAIR inversion slab was increased from 3 to 12 cm. This suggests that FAIR is incompatible with multi-slice acquisitions because the thick inversion slab increases the spatial gap between the labeled edge and the imaging slices, leading to longer arterial transit times (ATT). Similarly, disease processes with slow coronary flows, such as heart failure (6,7) or circuitous coronary collateral vascularization, also exhibit prolonged ATT. Muehling et al. (8) found that the ATT because of collateral circulation (1.7 s) was significantly longer than antegradely perfused vessels (0.9 s) and vessels in healthy subjects (0.8 s). When ATT becomes much longer than the post-labeling delay, loss of ASL signal occurs and MBF is underestimated (9) .
Velocity-selective ASL (VSASL) was developed in the brain to mitigate ASL signal loss caused by slow flow and long ATT (10) . Blood is labeled based on its velocity by saturating spins above a velocity cutoff, termed V C . In principle, VSASL can generate labels adjacent to tissue by choosing a low V C to eliminate transit delay effects. In practice, choosing a high V C along with a short inflow delay, TI, has the potential to generate large intravascular signals that could confound ASL measurements (11) . In subtractive magnetic resonance angiography (MRA), this is seen as an advantage and VS pulses have recently been used to great effect in visualizing vasculature in both abdomen (12) and brain (13) . In ASL, V C , TI, and the velocity encoding direction must be considered more carefully to avoid intravascular signal. In brain, a V C of 2 cm/s is used to match mean velocity within the small feeding arterioles while optimal TI was determined to be the T 1 of blood, which is $1664 ms (11) . Because of the tortuous path of small arterioles, Wong et al. (10) found that encoding direction had a negligible impact on perfusion measurements.
The choice of V C , TI, and encoding direction must be reevaluated in the heart because of the unique challenge of cardiac motion. Myocardium can move as fast as 2 cm/s (14,15) during stable diastole. Therefore, targeting blood within small arterioles may cause spurious labeling of the heart. A larger V C must be used, which would label blood in the coronary tree. Coronary blood flow is pulsatile, with maximal velocities of >15-40 cm/s during diastole and almost no flow during systole. Coronary velocity also varies depending on disease states. Anderson et al. (16) found that peak coronary velocity was inversely proportional to the lumen area to left ventricular mass ratio; stenotic vessels had faster peak velocities. However, under hyperemia, this trend was reversed, possibly because of coronary steal. In the setting of hypertension, mean coronary velocity can reach upward of 51 cm/s, but when presented alongside left ventricular dysfunction, coronary velocities were similar to those in healthy vessels ($30 cm/s) (17) .
In this work, we describe a practical implementation of cardiac VSASL and demonstrate its ability to measure myocardial perfusion in comparison to FAIR ASL. In humans, we experimentally determine the sensitivity of cardiac VSASL to selection of V C and encoding direction.
METHODS

Velocity Selective Pulse
An adiabatic symmetric BIR-8 pulse described by Guo et al. (18, 19) was used for VS labeling. Bloch simulation was used to simulate and optimize pulse parameters for a peak B 1 of at least 0.08 G and off-resonance range of 6 250 Hz, which is consistent with what can be reasonably expected in the heart at 3T (20, 21) . RF subpulses were 2.24 ms each with the following parameters, k ¼ 62.96, v max ¼ 21.6, and z ¼ 20.5. Single gradient lobes between RF sub pulses were replaced with bipolar gradients to avoid striping artifacts from occurring over myocardium, as described by Fan et al. (22) . An additional delay of 0.5 ms after each bipolar gradient module was used to further reduce eddy current sensitivity. Bipolar gradients were designed to saturate spins above a designated velocity cutoff, V C , for labeled acquisitions and were turned off during control acquisitions to impart similar T 2 -weighting only. V c is given by V c ¼ p/(2gM 1 ), where g is the gyromagnetic ratio and M 1 is the first moment of the BIR8 gradient waveform with
where g is the gradient amplitude, T is the duration of the plateau of an individual gradient lobe, and R is the ramp duration, which we set to 0.5 ms. The velocity selective BIR8 pulse encodes velocity into the phase of the MR signal. After tipping the transverse magnetization back into the longitudinal direction and spoiling, this produces a modulation in the longitudinal magnetization given by M z ¼ M 0 cosðbvÞ where b¼gM 1 , M 1 is first moment of the bipolar gradient waveforms, and v is velocity. Under assumptions of laminar flow, where the velocity distribution is uniform from 0 to twice the mean velocity, v 0 , the velocity profile becomes sinc-shaped and is given by M z ¼M 0 sinc(2bv) (10) . The cutoff velocity is defined as the first zero crossing of the sinc velocity profile and is given by V c ¼p/(2b).
The choice of pulse parameters was the result of significant experimental fine tuning in a spherical phantom. The settings described above are the results that produced the most consistent labeling with the fewest artifacts and shortest pulse duration.
Pulse performance was validated within the lumen of the right coronary artery (RCA) in 2 healthy volunteers. VS labeling with both the control (gradients off) and labeled (gradients on) settings was carried out immediately before imaging using centric view ordered GRE (FA ¼ 5 0 , pulse repetition time (TR) ¼ 3.2, 64 3 64 matrix). An additional image without the VS preparation pulse was also acquired to measure saturation efficiency.
VSASL Acquisition
Cardiac VSASL was performed at a single mid-short axis slice illustrated in Figure 1 , using cardiac-gated velocity selective (VS) labeling and balanced steady state free precession imaging. VS labeling was performed during middiastole, as determined from a cinema/video (CINE) scout scan. Imaging was performed during mid-diastole in the subsequent RR such that MBF estimates reflect the time-average perfusion rate of pulsatile blood flow over the course of one heartbeat. Background suppression using a single non-selective hyperbolic secant inversion pulse placed between labeling and imaging was designed to null myocardial T 1 s between $1250 ms and 1450 ms. The timing of the background suppression pulse was optimized for different heart rates and took into account T 2 signal loss from the VS labeling pulse (23) . Image acquisition parameters were: TR/echo time (TE) of 3.2/ 1.5 ms, prescribed flip angle of 50, acquired matrix size of 96 3 96, GRAPPA (24 ACS, 60 acquired). FAIR ASL was performed using a similar pulse sequence without background suppression and used a 3-cm slice-selective and a non-selective hyperbolic secant inversion pulse for control and labeled acquisitions, respectively.
Six pairs of control and labeled images were acquired for MBF quantification. Each image pair was acquired with breath holding (10-12 s) to prevent misregistration and to avoid spurious VS labeling from respiratory motion. A 6-s delay between image acquisition allowed full recovery of the VS label. Control and labeled image acquisition order was alternated after each pair to avoid bias from the acquired order. A baseline image and a noise image were also acquired in an additional 2-s breath hold to calculate coil sensitivity maps and noise covariance matrix.
All images were acquired on a 3T GE Signa Excite HD using an 8-channel cardiac receiver array. Ten healthy volunteers were recruited for this study (1F/9M age 23-30 y). In 5 healthy volunteers, VSASL was carried out with 4 different V c of 10, 20, 30, and 40 cm/s in the longitudinal (Z) encoding direction. In 1 volunteer, VSASL was performed at V C of 5 cm/s and 15 cm/s. In 4 healthy volunteers, VSASL was performed using the radial (X, Y) and longitudinal (Z) encoding directions at V C of 10 cm/ s. Cardiac ASL using FAIR was acquired in each subject for comparison. The imaging protocol was approved by our institutional review board, and all subjects provided written informed consent.
Data Analysis
Images were reconstructed using GRAPPA and coil combined using optimal B 1 coil combination (24) . The left ventricular (LV) myocardium was manually segmented in a single control and labeled image pair and the resultant masks were propagated through their respective image series using automatic motion correction (25) . LV myocardium was divided into 6 segments in accordance with the AHA 17-segment standard (26) through a spatial averaging algorithm (27) to increase SNR for MBF estimation. MBF quantification was derived from Buxton's general kinetic model (28) at a single TI and was calculated using the following equation:
C, L, and B refer to the myocardial signal intensity within the control, labeled, and baseline image. a is the efficiency of the background suppression inversion pulse, whereas TI is the time between labeling and imaging, which is fixed according to the heart rate. We use the myocardial signal at baseline, B, rather than the fully relaxed magnetization of arterial blood, M 0blood , in Buxton's kinetic model for quantification. This is because, with the specific imaging parameters we use for snapshot SSFP, the myocardial signal provides a good approximation of M 0blood with almost no contrast between the 2. Two examples of these baseline images can be seen in Supporting Figure S1 . An additional exponential term reflects T 2 signal loss from the VS pulse with duration T VS in the transverse plane. T 2blood changes with hematocrit and oxygenation. Assuming an average hematocrit of 44% among subjects and 100% oxygenation saturation in healthy volunteers, T 2blood was found to be 120 ms (29 Figure 2 shows the performance of the VS pulse within the RCA in 2 healthy volunteers. In the control setting (left image), coronary blood within the RCA was preserved, whereas in the labeled setting (right image), blood within the RCA was saturated. Saturation efficiency within the coronary lumen was measured at 89.7% and 74.6% for each volunteer, respectively. Sensitivity to Velocity Cutoff Error bars for MBF are in dotted black and represent the average physiological noise across subjects to reflect measurement variability. Error bars for TSNR are in solid black and were calculated as the standard deviation of the TSNR between subjects to reflect intersubject variability. TSNR in individual subjects can be found in Supporting Table S1 . Septal and lateral segments are defined in the illustration of the heart; septal segments correspond to anteroseptal and posteroseptal segments of the AHA 17-segment model (26) whereas lateral segments correspond to the anterolateral and posterolateral segments. Global MBF for VSASL (1.26 6 0.27 ml/g/min) at V C of 10 cm/s was similar to MBF for FAIR (1.12 6 0.09 ml/g/min), but had lower TSNR of 4.87 6 1.58 and 13.62 6 5.25, respectively. These measurements of MBF are comparable to literature values using PET, which are 0.95 6 0.28 ml/g/min (30) and 0.985 6 0.230 ml/g/min (31), and first-pass CMR perfusion, which are 1.02 6 0.22 ml/g/min (32) . A two one-sided test (TOST) (33) at a difference of 0.3 ml/g/min showed that MBF was statistically equivalent with a P-value of 0.049 while a paired ttest showed that TSNR was statistically different with a P-value of 0.005. As V C increased, both estimated MBF and TSNR decreased. MBF and TSNR were consistently lower in lateral segments compared with septal segments. A paired t-test showed statistical difference with P-values of 0.035 and 0.005, respectively. Figure 4 shows representative MBF maps for a single volunteer using FAIR and VSASL at V C of 5 cm/s and 15 cm/s. MBF of septal segments were 1.09, 1.70, and 1.62 ml/g/min whereas MBF for lateral segments were 1.12, 5.64, and 1.34 ml/g/min for FAIR and VSASL at V C of 5 cm/s and 15 cm/s, respectively. Table S2 . X and Y encoding directions are defined in the illustration of the heart in Figure 5a . Lateral-septal Y severely underestimated MBF (0.41 6 0.34 ml/g/min) and had the lowest TSNR (1.26 6 1.03) when compared to FAIR ASL, which had a MBF of 1.27 6 0.14 ml/g/min and TSNR of 10.26 6 4.17. Anterior-posterior X underestimated MBF (0.95 6 0.31 ml/g/min) to a lesser extent whereas apical-basal Z slightly overestimated MBF (1.74 6 0.46 ml/g/min). TSNR was approximately equal between X (4.18 6 2.32) and Z (3.98 6 0.56), but X had more intersubject variability. Septal and lateral segments were not found to have statistically different MBF and TSNR.
RESULTS
Validation of VS Labeling in RCA
Sensitivity to Encoding Direction
DISCUSSION
This study demonstrates the feasibility of myocardial VSASL with background suppression. VSASL was able to yield a measurable signal difference within human myocardium and obtain MBF estimates similar to those reported in FAIR ASL (1, 4, 5, (34) (35) (36) . This study also investigated how V C and encoding direction affected the VSASL signal globally as well as in septal and lateral segments individually. When V C increased, labeling efficiency and VSASL signal decreased, which lead to an underestimation of MBF. There was also a statistical difference between MBF and TSNR found in septal and lateral segments with changing V C . Lateral segments consistently underestimated MBF and had lower TSNR than septal segments at V > 10 cm/s. This could be because of poorer labeling efficiency of the left circumflex artery that supplies the region. In contrast, at low V C 5 cm/s, lateral segments overestimated MBF. We suspect that this is because of spurious labeling of moving myocardium in the lateral wall that was not resolved with background suppression (15) .
As opposed to VSASL in brain (10), we found that myocardial VSASL was sensitive to encoding direction. MBF and TSNR had the lowest intersubject variation in the longitudinal Z direction. Surprisingly, anterior-posterior (X) and lateral-septal (Y) directions performed very differently; X achieved similar MBF and TSNR as Z whereas Y severely underestimated MBF. This may be because of the coronary geometry, with no major vessels TSNR in VSASL at all cutoffs was consistently lower than in FAIR (P 0.005). The inset displays the location of septal (blue) and lateral (red) segments used in regional analysis follows the AHA 17-segment model for the mid short axis slice. (b) MBF and TSNR in the septum. (c) MBF and TSNR in the lateral wall. We suspect that off-resonance in the lateral wall causes greater degradation of pulse performance. This lead to greater underestimation of MBF and lower TSNR in lateral segments when compared to the septum (P ¼ 0.035 and P ¼ 0.005, respectively). Error bars for MBF are in dotted black and represent the average physiological noise across subjects to reflect measurement variability. Error bars for TSNR are in solid black and were calculated as the standard deviation of the TSNR between subjects to reflect intersubject variability.
running in the lateral-septal direction whereas the circumflex runs in the anterior-posterior direction. Nevertheless, we still recommend performing VSASL in the longitudinal Z direction because of its lower intersubject variation as well as the ease of scan prescription.
Measurements from VSASL at V C of 10 cm/s and FAIR were shown to be statistically equivalent globally using the TOST procedure at a difference of 0.3 ml/g/min (P ¼ 0.049). However, differences between VSASL and FAIR were observed with segmental analysis in individual cases (not shown). These differences did not follow a systematic trend. The spatial variance of the difference between FAIR and VSASL (0.32) is close to the squared sum of their respective physiological noise (0.26). This suggests that the observed differences are primarily because of the low TSNR of both VSASL and FAIR at rest.
VSASL had the highest TSNR when performed using a V C of 10 cm/s in the longitudinal direction. However, it was still 2.8 times lower than the TSNR of FAIR. This is as a result of 50% signal loss from using a saturation pulse as opposed to inversion, as well as 13% signal loss from T 2 -weighting during the VS preparation. Despite having lower TSNR, the main advantage of VSASL is its insensitivity to transit delay. Although a high V C of 10 cm/s reduces transit delay insensitivity, blood within epicardial vessels adjacent to myocardium and within the imaging slice are still labeled. Therefore, transit delay would only depend on the time it takes blood to flow through smaller arterioles to the capillary bed. In contrast, transit delay in whole heart FAIR would also include the time for blood to travel from the aortic root through the epicardial coronary vessels. This study was unable to highlight this advantage though, because VSASL was only compared with single-slice FAIR, where transit delay is only 400 ms (4) in healthy volunteers and has a negligible impact on MBF estimation. A natural follow up to this study would be to perform VSASL in patients with coronary artery disease with collateral circulation (37, 38) or in an animal model with slow coronary flow (39) .
One drawback of VSASL is its sensitivity to the timing of the label. Rapid variations in heart rate could cause mistriggering and spurious labeling of moving myocardium. A possible solution would be to use an alternate VS pulse with a sharper velocity profile than the sincshaped profile of the BIR8 preparation (10) . A rectangular velocity profile could be achieved using Shinar leRoux (SLR) (12, 13) . Moreover, the SLR pulse can be designed to achieve inversion rather than saturation to increase the VSASL signal. However, SLR pulses are not adiabatic and would have to be redesigned and tested for off-resonance and B 1 variation found in the heart.
CONCLUSIONS
We have demonstrated the feasibility of using a velocity selective pulse for cardiac ASL and have measured the performance of VSASL under a range of V C and encoding directions. At the best performing setting using a V C of 10 cm/s in the longitudinal direction, we found VSASL had 2.8 times lower TSNR than FAIR. We anticipate that TSNR can be improved by using a velocity selective inversion pulse with less sensitivity to myocardial motion. 
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Fig. S1 . Representative baseline images from 2 volunteers using snapshot SSFP with imaging parameters TR/TE/FA of 3.2 ms/1.5 ms/500, acquired matrix size of 96 3 96, GRAPPA (24 ACS, 60 acquired). Myocardial signal was used for quantification rather than arterial blood signal, as formulated in Buxton's original kinetic model, because the blood signal was well approximated by the myocardial signal when using the prescribed imaging parameters. In volunteer A, myocardial signal, SMYO, was 1.72 a.u. and left ventricular blood signal, SLV, was 1.76 a.u., resulting in a 2.3% signal difference. In volunteer B, SMYO was 1.93 a.u. and SLV was 2.21, resulting in a 12.7% signal difference. Table S1 . VSASL sensitivity to velocity cutoff for individual subjects. MBF, PN, and TSNR are shown in MBF 6 PN (TSNR) format. MBF and PN are in units of ml/g/min. VSASL settings that achieved the highest TSNR are bolded. At V C of 10 or 20 cm/s, TSNR was optimal for all subjects. However, TSNR was 2.8 times lower in VSASL compared to FAIR on average. This is because of signal loss from using a saturation as opposed to inversion along with additional T 2 losses from the VS pulse. Table S2 . VSASL sensitivity to velocity encoding direction for individual subjects. MBF, PN, and TSNR are shown in MBF 6 PN (TSNR) format. MBF and PN are in units of ml/g/min. VSASL settings that achieved the highest TSNR are bolded. TSNR was optimal in the longitudinal Z and radial X direction in all subjects. * 5 rejected from equivalency test (TOST) between FAIR and VSASL because PN >50% MBF from FAIR.
